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The Fos-related antigen Fra-1 is an activator

of bone matrix formation
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Ectopic expression of the transcription factor Fra-1 in
transgenic mice leads to osteosclerosis, a bone disorder
characterized by increased bone mass. The molecular
basis for this phenotype is unknown and Fra-1 functions
cannot be studied by a conventional loss-of-function ap-
proach, since fra-1-knockout mice die in utero likely due
to placental defects. Here we show that the lethality of fra-
1-knockout mice can be rescued by specific deletion of Fra-
1 only in the mouse embryo and not in the placenta. Mice
lacking Fra-1 (fra-1*/*) are viable and develop osteopenia,
a low bone mass disease. Long bones of fra-1*/* mice
appear to have normal osteoclasts but express reduced
amounts of bone matrix components produced by osteo-
blasts and chondrocytes such as osteocalcin, collagenla2
and matrix Gla protein. The gene for matrix Gla protein
seems to be a specific target of Fra-1 since its expression
was markedly increased in the long bones of fra-1-trans-
genic mice. These results uncover a novel function of Fra-1
in regulating bone mass through bone matrix production
by osteoblasts and chondrocytes.
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Introduction

The functions of bones include regulation of blood calcium
levels, providing mechanical support to the body and sup-
porting hematopoiesis in the bone marrow. All these func-
tions require the maintenance of an adequate bone shape and
bone density, which are mainly determined by the activities
of bone-forming osteoblasts and bone-resorbing osteoclasts
(Karsenty and Wagner, 2002). The presence of two cell types
with opposing activities makes the bone a highly dynamic
structure with a continuous tissue renewal called remodeling,
but also requires a tight regulation of osteoblast and osteo-
clast activities in order to prevent bone diseases.
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Bone resorption is carried out by hematopoietically de-
rived osteoclasts. The bone-resorbing activity of osteoclasts is
determined by proliferation and differentiation of osteoclast
precursors and by the resorptive efficiency of mature osteo-
clasts. Several soluble factors like macrophage colony-stimu-
lating factor (M-CSF) and receptor activator of NF-xB ligand
(RANKL) as well as transcription factors such as c-Fos,
NFATc1 and NF-kB have been identified to regulate osteoclast
proliferation and differentiation (Teitelbaum and Ross,
2003). In addition, genetic studies in mice have revealed
genes that regulate the resorptive activity of mature osteo-
clasts, which depends on their characteristic shape and on
the ability to acidify and dissolve the bone matrix (Boyle et al,
2003).

Mesenchyme-derived osteoblasts rebuild the resorbed
bone by depositing bone matrix that then becomes miner-
alized. Osteoblast activity is determined by osteoblast pro-
liferation and differentiation and by the bone-forming activity
of mature osteoblasts. A number of soluble molecules and
transcription factors that include Thh, FGF18, Runx2 (Cbfa-1)
and Osterix regulate osteoblast differentiation (Karsenty and
Wagner, 2002). The bone-forming activity of mature osteo-
blasts is stimulated by insulin-like growth factor (IGF)-II and
transforming growth factor (TGF)-B, which are released from
the extracellular matrix during bone resorption thereby af-
fecting both osteoclasts and osteoblasts. In addition, several
factors, such as parathyroid hormone, prostaglandin E, fibro-
blast growth factor and TGF-, have been shown to stimulate
both bone resorption and formation (Harada and Rodan,
2003). However, the transcription factors that act down-
stream of these anabolic signals in osteoblasts are largely
unknown.

Activator protein-1 (AP-1) is a dimeric transcription factor
formed by Jun proteins (c-Jun, JunB, JunD) and Fos proteins
(c-Fos, Fra-1, Fra-2, FosB, AFosB) (Eferl and Wagner, 2003).
Both, Jun and Fos protein family members are required for
bone formation and remodeling. Ubiquitous balanced dele-
tion of a conditional c-jun allele leads to malformations of the
axial skeleton (Behrens et al, 2003), and JunB has recently
been shown to be essential for osteoblast proliferation and
differentiation (Kenner et al, 2004). Most Fos proteins are also
implicated in proliferation and differentiation of osteoblasts
and osteoclasts. Transgenic mice expressing c-Fos develop
osteosarcomas due to increased osteoblast proliferation
(Grigoriadis et al, 1993). In contrast, mice lacking c-Fos
develop osteopetrosis caused by a differentiation defect in
the osteoclast lineage (Wang et al, 1992; Grigoriadis et al,
1994). This differentiation defect can be rescued by expres-
sion of the Fos-related protein Fra-1, suggesting that Fos and
Fra-1 have overlapping functions in osteoclast differentiation
(Fleischmann et al, 2000). Ectopic Fra-1 expression leads
to osteosclerosis likely due to accelerated differentiation
of osteoprogenitors into mature osteoblasts (Jochum et al,
2000). A similar skeletal phenotype was described in trans-
genic mice expressing AFosB, a splice variant of FosB,
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suggesting that Fra-1 and AFosB promote osteoblast
differentiation by regulating common transcriptional target
genes in the osteoblast lineage (Sabatakos et al, 2000).
However, the requirement of Fra-1 in bone formation was
unclear, since fra-1-knockout mice die during embryogenesis
likely due to placental defects (Schreiber et al, 2000).

We generated mice with conditional alleles of fra-1 simul-
taneously harboring a MORE-cre knock-in allele (Tallquist
and Soriano, 2000), in order to study the importance of Fra-1
in postnatal development and in bone remodeling.
Conditional deletion of fra-1 by the Cre-recombinase was
efficient throughout the mouse embryo, but did not occur
in extraembryonic tissues such as the placenta. The resulting
fra-1%/* mice were viable but developed osteopenia, a bone
disorder characterized by reduced bone mass. Dynamic his-
tomorphometry of bone tissues demonstrated that the osteo-
penic phenotype was due to reduced bone formation. The
numbers of the major bone cells, the osteoblasts and osteo-
clasts, were unchanged although in vitro and in vivo analysis
revealed a severely reduced bone-forming activity of osteo-
blasts. This defect was most likely due to reduced expression
of the bone matrix genes osteocalcin, collagenla2 and matrix
Gla protein.

Results

Embryo-specific deletion of Fra-1 rescues the embryonic
lethality of fra-1-deficient fetuses

To study the role of Fra-1 in organ functions and in particular
in bone remodeling, mice with a conditional floxed allele of
fra-1 (fra-1Y) were generated (Figure 1A). The correct gene
targeting was confirmed by PCR (data not shown) and
Southern blot analysis (Figure 1B). Homozygous fra-1¥f
mice showed no overt phenotype, suggesting that the genetic
manipulation of the fra-1 alleles did not interfere with gene
functions. Heterozygous fra-1 "/~ mice with a germline dele-
tion of the floxed fra-1 allele were generated using the SycP1-
cre deleter mouse (Vidal et al, 1998). Intercrossing these mice
gave no viable fra-1~/~ offsprings at birth (data not shown),
indicating that germline deletion of both fra-1 alleles causes
embryonic lethality as recently described (Schreiber et al,
2000).

We next intercrossed fra-17* mice with MORE-cre knock-in
mice in an attempt to rescue the embryonic lethality of fra-1-
knockout mice, likely caused by placental defects (Schreiber
et al, 2000). The MORE-cre knock-in allele is expressed at
gastrulation throughout the epiblast of the early mouse
embryo, but not in extraembryonic tissues such as the yolk
sac and the placenta (Tallquist and Soriano, 2000). Therefore,
Cre-mediated deletion of the floxed fra-1 alleles in MORE-cre
fra—lf/ f (fra-1%%) mice was restricted to the embryo proper
and did not occur in the placenta (data not shown). MORE-cre
fra-1"* (fra-1*/%) mice were born at Mendelian frequencies
and did not show any overt phenotype at weaning age
(Figure 1C). Efficient deletion of fra-1 was confirmed in
internal organs (Figure 1D and data not shown), bone and
isolated bone cells of adult fra-1*/* mice by Southern blot
analysis (Figure 1D). RNase protection assay (RPA) demon-
strated that fra-] mRNA was absent in primary fra-14/2
mouse embryonic fibroblasts (MEFs; Figure 1E). Expression
of fra-1 was hardly detectable by RPA in control fra-174
MEFs, but was inducible by serum stimulation. In contrast,

2790 The EMBO Journal VOL 23 | NO 14 | 2004

no fra-1 mRNA was detectable in fra-1*/* MEFs even after

serum stimulation (Figure 1E). The expression of the other
AP-1 members and their serum induction was unchanged in
fra-1*/* MEFs (Figure 1E and data not shown). In addition to
isolated MEFs, RNAs from adult tissues of fra-1*/* mice
including long bones and calvariae were tested for fra-1
expression by RT-PCR analysis. No fra-1 mRNA was detect-
able, whereas expression was readily detectable in corre-
sponding control samples from fra-1* mice (data not
shown). The deletion of the floxed fra-1 allele results in the
formation of a Fra-1-GFP fusion protein (Figure 1A), which
was detectable by Western blot analysis using an anti-GFP
antibody and by direct GFP fluorescence in fra-1"/2, fra—ZA/ A
but not fra-1+/ f MEFs (Figure 1F and data not shown). These
data demonstrate the correct targeting and efficient embryo-
specific deletion of the floxed fra-1 alleles and further show
that Fra-1 is essential for placentation, but apparently dis-
pensable for the development and function of most other
organs after birth.

We have used conditional alleles of the JunB gene (Kenner
et al, 2004) as well as the c-fos gene to test the applicability of
the MORE-cre approach for the analysis of bone remodeling
in vivo. Conditional deletion of c-fos in MORE-cre c-fos” (c-
fos®/%) mice led to the identical osteopetrotic bone phenotype
as described for the c-fos-knockout mice (Wang et al, 1992)
(Figure 1G).

Decreased bone mass in fra-1*"* mice

Ectopic expression of Fra-1 in transgenic mice leads to
increased bone mass with accelerated differentiation of os-
teoblasts (Jochum et al, 2000). However, the high level of Fra-
1 expression in the transgenic mice can cause unphysiologi-
cal effects thereby preventing a definitive conclusion about
the requirement of Fra-1 in bone formation. Therefore, we
have analyzed bone formation in 6-week-old and 3-month-
old fra-1*/* mice. Radiography, von Kossa staining and
microcomputed tomography (uCT) analysis revealed a sig-
nificantly decreased bone mass in the lumbar vertebral
bodies and long bones (Figure 2A-D and data not shown),
whereas the structure of the epiphyseal growth plates in long
bones was normal (data not shown). Static and dynamic
histomorphometric analyses on lumbar vertebral bodies and
tibial metaphyses of 1.5- and 3-month-old fra-1*/* and
control mice demonstrated that bone mass is progressively
lost in fra-1%/* mice leading to the osteopenic phenotype
(Figure 2E and data not shown). In addition, trabecular
thickness was reduced (Figure 2G), whereas trabecular num-
bers were maintained (Figure 2H). This phenotype is similar
to low-turnover osteoporosis in humans, which results from a
defect in osteoblast function. Given the reduced bone mass,
the absolute numbers of osteoblasts (Figure 2F) and
osteoclasts (data not shown) were reduced in fra-1*2 mice,
but osteoblast- and osteoclast-covered bone surfaces were
comparable to control fra-1¥* mice (Figure 2J-M). The
number and morphology of osteocytes within the tibial cortex
of fra-1*/% bones were unchanged and expressed the mineral-
ization marker Phex (PHosphate-regulating gene with homo-
logy to Endopeptidases on the X chromosome) at similar
levels to control fra-174 osteocytes (data not shown).
Dynamic histomorphometry after calcein labeling revealed a
significant decrease in bone formation rates (Figure 2I).

©2004 European Molecular Biology Organization



Fra-1 regulates bone mass and osteoblast activity
R Eferl et al

Hindlll E1 E2 1 E3 E4 EcoRV
fra-1 — i =1 ,
L Probe
>< ) EcoRv
P1H’“d'“ E3 E4 Hindlll “
Vector =
P2 % Frabe
f Hindlll  E1 E2 p1”*"ﬂ“' E3  E4 if:??ﬁ EcoRV
fra-1 T 3 > e—14 EETTI |5
L B3 Probe
1kb
B wt/wt  wt/f fif (o]
wt fra-'lfm
f- S
fra-fﬂm
E fra-111A  fra-1AIA
D D & .
K{‘\“Q"\\‘.\ FE e ¢ i
A- — o -
; fra-1
f - - fra-2
L
AA GAPDH
F fra-1*/f fra-1 A G

Figure 1 Strategy to generate mice with conditional alleles of fra-1. (A) Scheme of the gene targeting. Exons 3 and 4 of fra-1 were flanked by
loxP sites (triangles). These exons contain the dimerization and the DNA-binding domains of Fra-1, and deletion of these exons renders Fra-1
inactive. A GFP reporter gene (GFP) is spliced to the residual N-terminal part of fra-1 upon deletion and is thereby activated. The relevant
restriction sites used for Southern blot analysis and the location of the probe are indicated. fra-1: genomic locus of fra-1; vector: targeting vector
for fra-1; fra-1% floxed allele of fra-1; E1-4: exons 1-4 of fra-1; Neo: neomycin phosphotransferase gene; asterisk: splice acceptor of exon 2 of
fra-1; DT-A: gene for diphtheria toxin; P1-3: PCR primers used for genotyping. (B) Southern blot analysis of offsprings demonstrating
successful targeting of fra-1. For the Southern blot analysis, DNA was digested with HindIIl/EcoRV and the bands were detected with the probe
indicated in (A). wt: 12.5 kb wild-type allele; f: 4.5 kb floxed allele. (C) The embryonic lethality of fra-1-knockout mice is rescued by conditional
deletion with the MORE-cre knock-in allele. The MORE-cre deletes the floxed fra-I alleles in the whole mouse embryo but not in the placenta.
MORE-cre fra-17! mice are therefore fra-1%/ mice that were viable and born at Mendelian frequency. (D) Deletion of fra-1 was confirmed in
different tissues of 8-week-old mice by Southern blot analysis and in primary osteoblasts from newborn mice. li: liver; cal: calvaria; L.b.: long
bones; b.m.: bone marrow; ob: osteoblasts differentiated in vitro; oc: osteoclasts differentiated in vitro; f: 4.5 Kb floxed allele; A: 11.5 kb deleted
allele. (E) RPA of cjun, fra-1 and fra-2 in primary E12.5 MEFs. MEFs of the indicated genotypes were starved in 0.5% FCS (—) and then
stimulated for 2 h with 10% FCS (+). Note that fra-1 mRNA is not detectable in stimulated fra-1*/* MEFs. The amount of GAPDH mRNA was
used as a loading control. (F) A fusion protein between the residual N-terminal part of Fra-1 and GFP (43 kDa) is generated after deletion and
was detected by Western blot analysis using an anti-GFP antibody (upper panel) and by direct immunofluorescence (lower panel). Note that
only cells with at least one A allele contain the fusion protein. The amount of actin was used as a loading control in the Western blot analysis.
(G) c-fos™ A mice (MORE-cre c—fos‘/ fy develop osteopetrosis as judged by H&E staining (upper panel, arrows) and X-ray analysis (lower panel,
arrows) of long bones (6-week-old mice).
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Figure 2 fra-1*/* mice develop osteopenia. (A-D) Decreased bone mass was detected in the vertebrae of fra-1%/* mice (3-month-old) by von
Kossa staining (A, B) and pCT analysis (C, D). (E-M) Bone parameters measured by dynamic bone histomorphometry after calcein 1abelin§

demonstrated decreased bone mass (E), a decrease in absolute numbers of osteoblasts (F) and reduced trabecular thickness (G) in fra-

14/

mice, which is due to decreased bone formation (I). Numbers of trabeculae (H), osteoblasts per bone perimeter (J) and osteoclasts per bone
perimeter (K) were not affected. The surface of osteoblasts (L) and osteoclasts (M) per bone surface was unchanged. BV/TV: trabecular bone
volume per tissue volume; Ob.N/TV: osteoblast number per tissue volume; Tb/Th: trabecular thickness; Tb.N: trabecular number; BFR/BS:
bone formation rate per bone surface; Ob.N/BPm: osteoblast number per bone perimeter; Oc.N/BPm: osteoclast number per bone perimeter;
Ob.S/BS: osteoblast surface per bone surface; Oc.S/BS: osteoclast surface per bone surface. n =18 male mice; P<0.001.
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activity of osteoblasts and osteoclasts were analyzed in vivo
and in vitro. Histochemical staining of fra-1** bones for the
osteoclast marker protein tartrate-resistant acidic phospha-
tase (TRAP) showed mature osteoclasts in the bones of fra-
1%/ mice (Figure 3A and B). Analysis of osteoclast marker
gene expression revealed a slight reduction of all mRNAs in
fra-1%/* bones (Figure 3C), which is most likely due to the
reduced bone mass rather than due to an osteoclast differ-
entiation defect.
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When osteoclast precursors from the bone marrow were
cultured under osteoclastogenic conditions in the presence of
M-CSF and RANKL, the differentiation of fra-1%/# precursors
into multinucleated osteoclasts was decreased to 50% of
control cells (Figure 3D-F). This differentiation defect could
not be rescued by reciprocal co-culture of osteoclast precur-
sors on osteoblast feeder layers of different genotypes (Figure
3I and J), but was rescued on bovine cortical bone slices
(Figure 3G). Surprisingly, addition of 2% of mouse serum as
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Figure 3 No overt osteoclast phenotype in fra-1/2 mice. (A, B) TRAP staining of osteoclasts (arrows) on the long bones of fra-172 and fra-1/2

mice (6-week-old) showed no major difference. (C) Real-time PCR analysis of mRNAs that are expressed in osteoclasts. Long bones of 6-week-
old mice were used for RNA isolation (n = 3). Relative expression levels normalized for tubulin with standard deviations indicated are shown.
The broken line indicates the amount of bone mass reduction in the long bones of 6-week-old fra-1%/2 mice as judged by bone
histomorphometry. trap: tartrate-resistant acidic phosphatase; cathK: cathepsin K; ca II: carbonic anhydrase II; mmp-9: matrix metalloprotei-
nase 9; rank: receptor and activator of NF-kB; tub: tubulin. (D, E) Osteoclast precursor cells derived from the bone marrow of adult mice were
differentiated into mature multinucleated osteoclasts on plastic dishes and stained for the osteoclast marker protein TRAP (n=>5).
Differentiation of fra-1*/ precursors into osteoclasts was decreased on plastic dishes (E, F). (G) Plating of the precursors on bone slices
rescued the osteoclast differentiation defect (n=5). (H) Addition of 2% mouse serum (MS) or 2% ApoE-Mgp serum (Mgp) rescued the
osteoclast differentiation defect (n=4). A reciprocal co-culture assay on fra—lA/ A osteoblasts (I) or fra-1-transgenic osteoblasts (J) could not
rescue the osteoclast differentiation defect (n =4). Ob: osteoblast; BM: bone marrow; wt: wild type; A/A: fra—lA/ A, tg: fra-1-transgenic. (K, L)
Osteoclast precursor cells derived from the bone marrow of adult mice were differentiated into mature multinucleated osteoclasts on bone
slices and the resorption pits (arrows) were stained with toluidine blue. (M) The resorption activity of fra—lA/ A osteoclasts in vitro was analyzed
by quantification of resorption pit areas on bone slices (n=75). (N) Deoxypyridinoline (DPD) crosslinks in the urine were measured as an
osteoclast activity parameter in vivo. The values were normalized for muscle creatinine that is also excreted in the urine to account for urine
concentration (n =9, 6-week-old mice).
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well as 2% serum from ApoE-Mgp-transgenic mice also
rescued the differentiation defect (Figure 3H; see below).
Functional analysis of osteoclasts in vitro by quantification
of resorption pits on bone slices demonstrated that the
resorption activity of control fra-1"* and fra—lA/ A osteoclasts
was similar (Figure 3K-M). In addition, analysis of deoxy-
pyridinoline crosslinks in urine samples, which reflects os-
teoclast activity in vivo, was not significantly changed in fra-
1272 mice (Figure 3N). These data demonstrate that Fra-1 is
apparently not necessary for osteoclast differentiation in vivo,
and that a molecular signal from the bone surface or a soluble
component from the serum is able to rescue the osteoclast
differentiation defect in vitro.

Fra-1 is required for osteoblast differentiation

and function

To test whether the osteopenic phenotype is intrinsic to the
osteoblast lineage, primary osteoblasts were prepared from
calvariae of neonatal mice and differentiated in vitro. Staining
for osteoblast differentiation marker protein alkaline phos-
phatase (ALP) and analysis of ALP activity in cell extracts
revealed no major difference between fra-1*/2 and control
osteoblasts (Figure 4A and B and data not shown). The
activity of osteoblasts was next analyzed by the deposition
of mineralized extracellular matrix (Figure 4C-E). Despite the
presence of ALP-positive cells in fra-14/2 cultures, the deposi-
tion of mineralized extracellular matrix as monitored by
alizarin red staining of bone nodules was strongly reduced
(Figure 4D and E). However, cell density and proliferation
capacity were not significantly different between control and
fra-1%/% osteoblasts and therefore cannot account for the
reduced bone nodule formation in fra-1%/% cultures
(Figure 4F and data not shown). These data indicate that
Fra-1 positively regulates the bone-forming activity of osteo-
blasts.

Bone matrix components are targets of Fra-1

in osteoblasts

We next analyzed the expression levels of osteoblast marker
genes by real-time PCR during osteoblast differentiation in
vitro, in order to identify candidate genes that might be
responsible for the decreased bone-forming activity of fra-
1%/2 osteoblasts. The expression of bone matrix components
osteocalcin (oc), collagenla2 (colla2) and matrix Gla protein
(mgp) was consistently reduced in osteoblast cultures,
whereas the expression of the differentiation markers
runx2, ALP (alp), bone sialoprotein (bsp), rankl and osteo-
protegerin (opg) was unchanged (Figure 4G). The mRNA
levels for other bone matrix components such as collagenlal,
biglycan and decorin were unchanged in fra-14’ osteoblasts
(Figure 4G). It is worth noting that some variability of gene
expression was observed, which might be due to the hetero-
geneous composition of primary calvarial cultures (Garcia
et al, 2002).

Expression analysis was next performed in vivo using RNA
from long bones. Consistent with the in vitro results, no
major changes in the expression of differentiation markers
runx2, alp, bsp, rankl and opg were observed (Figure 5A). In
addition, the expressions of membrane-bound matrix metal-
loproteinase mt-1-mmp and genes implicated in signaling
pathways important for osteoblast differentiation and activity
were unchanged (Figure 5A). However, mRNA levels for oc,
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colla2 and mgp were reduced to a similar extent to that in
calvarial osteoblast cultures (Figure 5A and B). The un-
changed expression of runx2 and the reduced expression of
oc and colla2 in osteoblasts were confirmed by in situ
hybridization (ISH) experiments on sections of long bones
(Figure 5C-J). In addition, the expression of mgp was re-
duced in hypertrophic chondrocytes of fra-1%/ A bones (Figure
51 and J). These data suggest that the osteopenia in fra-1*/*
mice could be due to reduced synthesis of bone matrix
proteins by osteoblasts and chondrocytes identifying Fra-1
as a positive regulator of bone matrix production.

We reasoned that increased production of extracellular
bone matrix components might also account for the osteo-
sclerosis previously described in fra-I-transgenic mice
(Jochum et al, 2000). To test this hypothesis, the expression
of bone matrix genes was analyzed in fra-I-transgenic osteo-
blasts and long bones. Intriguingly, RNA expression of mgp
was several-fold increased in fra-1-transgenic long bones
(Figure 6A-C), calvariae and primary osteoblast cultures
(data not shown). Increased expression of mgp was specific
for bone tissues and could not be observed in hearts and
lungs of fra-1-transgenic mice (data not shown). In addition
to mgp, expression levels for oc and colla2 were also sig-
nificantly increased in fra-1-transgenic long bones (Figure 6C)
and primary calvarial cultures (data not shown) albeit not as
prominent as mgp. Consistently, the expression of oc was
also increased in the calvariae of fra-1-transgenic mice
(Jochum et al, 2000). These data suggest that the osteosclero-
tic phenotype of fra-I-transgenic mice is likely caused by
increased bone matrix production.

Discussion

Ectopic expression of Fra-1 and AFosB in transgenic mice
causes osteosclerosis with increased bone mass (Jochum et al,
2000; Sabatakos et al, 2000). However, the molecular me-
chanism leading to this phenotype has not been analyzed. In
this study, a conditional loss-of-function approach was em-
ployed to define functions of Fra-1 postnatally and in osteo-
clasts and osteoblasts. Conventional fra-1-knockout embryos
have extraembryonic defects leading to embryonic lethality
(Schreiber et al, 2000). Therefore, we have generated a floxed
fra-1 allele and used the MORE-cre knock-in allele (Tallquist
and Soriano, 2000) to specifically delete fra-1 in the embryo
(fra-1%/%), but not in extraembryonic tissues. Conditional fra-
12’2 mice were viable and showed no major defects in
adulthood, demonstrating that Fra-1 is dispensable for most
organs. The mutant mice, however, developed osteopenia
with progressive loss of bone mass, which is the opposite
phenotype as described for fra-1-transgenic mice.

In osteoblasts, the expression pattern of Fos proteins
mainly suggested a role for Fra-1 in osteoblast proliferation
(McCabe et al, 1995, 1996), but the absence of Fra-1 had no
effect on osteoblast proliferation in vitro and on osteoblast
numbers in vivo. Similarly, ectopic expression of Fra-1 in
transgenic mice did not lead to accelerated proliferation of
osteoblasts, demonstrating that Fra-1 is not important for
osteoblast proliferation (Jochum et al, 2000). The latter study
proposed Fra-1 to function as an osteoblast differentiation
factor based on increased osteoblast surface per bone surface
in fra-1-transgenic mice and increased activity of ALP in
primary transgenic osteoblast cultures (Jochum et al, 2000).
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Figure 4 Formation of bone nodules is impaired in cultures of fra-1*/* osteoblasts. (A, B) Osteoblast precursor cells from the calvariae of

newborn mice were differentiated for 21 days in vitro and stained for ALP activity (ALP-positive cells in blue). (C, D) Deposition of extracellular
matrix material and bone nodule formation was analyzed by staining of osteoblast cultures (21 days) with alizarin red (bone nodules in red).
(E) Time course of bone nodule formation by fra—lf/ A and fra-1 A/A gsteoblasts (n=5). (F) Cumulative cell number (proliferation) of fra-1¥* and
fra—IA/ A osteoblasts. (G) Real-time PCR analysis of mRNAs for osteoblast differentiation factors and extracellular matrix components in
osteoblast cultures (day 9 of differentiation). One representative example out of three independent primary culture experiments is shown. The
relative expression levels were normalized for tubulin expression. alp: ALP, bsp: bone sialoprotein; oc: osteocalcin; rankl: receptor and

activator of NF-«xB; opg: osteoprotegerin; clal: collagenlal; cla2: collagenla2; mgp: matrix Gla protein; bgn: biglycan; dec: decorin; tub:
tubulin.
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Figure 5 Reduced expression of bone matrix components in the long bones of fra-14* mice. (A, B) Real-time PCR analysis of mRNAs for

osteoblast differentiation and activity factors (A) and bone matrix genes (B) in long bones (=3, 6-week-old mice). The relative expression
levels were normalized for tubulin expression with the standard deviations indicated. The broken line indicates the amount of bone mass

reduction (and reduction in osteoblast numbers) in the long bones of 6-week-old fra-1*/* mice. Therefore, only the expression levels of

osteocalcin and collagenla2 are reduced in fra—lA/ A osteoblasts. The reduced expression of matrix Gla protein needs no correction for reduced
osteoblast numbers since it is mainly expressed in chondrocytes. alp: ALP, bsp: bone sialoprotein; oc: osteocalcin; rankl: receptor and activator
of NF-«xB; opg: osteoprotegerin; mt-1: membrane-bound matrix metalloproteinase mt-1-mmp; irs1,2: insulin receptor substrate 1,2; tub: tubulin;
clal: collagenlal; cla2: collagenla2; mgp: matrix Gla protein; bgn: biglycan; dec: decorin; tub: tubulin. (C-J) In situ hybridization
experiments for expression of runx2 (C, D), osteocalcin (E, F), collagenla2 (G, H), and matrix Gla protein (I, J, arrows show expression in
hypertrophic chondrocytes) on long bones (=3, 6-week-old mice).

Unexpectedly, osteoblast surface per bone surface was not
reduced and the activity of ALP was not affected in osteo-
blasts of fra-1*/* mice. The expression of osteoblast differ-
entiation markers runx2 and bsp was also comparable to
control osteoblasts in vitro and in vivo. This suggests that
Fra-1 is dispensable for the initial stages of osteoblast differ-
entiation but can promote osteoblast differentiation when
ectopically expressed in mice. A late differentiation defect of
fra-1*/% osteoblasts cannot be excluded, since expression of
oc, a late marker of osteoblast differentiation, was indeed
reduced. It is conceivable that other AP-1 proteins compen-
sate for the absence of Fra-1 in osteoblasts. One candidate for
such a functional overlap is AFosB, a splice variant of FosB,
because mice that ectopically express AFosB develop a bone
phenotype that is highly reminiscent of that observed in fra-1-
transgenic animals (Sabatakos et al, 2000). A second candi-
date is the potential Fra-1 dimerizing partner ATF4, which
has recently been implicated in Coffin-Lowry syndrome
(CLS), a disease associated with skeletal abnormalities
(Yang et al, 2004). The phenotype of ATF4-deficient mice is
strikingly similar to that of fra-1*2 mice with reduced bone
mass, decreased expression of oc and reduced collagen
synthesis. Moreover, expression of early differentiation mar-
kers such as Runx2 and Osterix is also not affected (Yang et al,
2004), suggesting that both transcription factors may control
the activity of osteoblasts by a similar mechanism.
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The most likely mechanism that can account for the low
bone mass phenotype of fra-1*/2 mice is a defect in the late
maturation of osteoblasts to bone matrix-producing cells,
accompanied by insufficient induction of the bone matrix
components oc and colla2. In addition, reduced levels of
mgp, which is mainly expressed in proliferating and hyper-
trophic chondrocytes of long bones (Luo et al, 1995), might
contribute to the low bone mass phenotype of fra—lA/ A mice.
Whereas reduced expression of colla2, a major component of
bone collagen, and lower levels of mgp can clearly contribute
to the low bone mass phenotype of fra-1/* mice, the role of
oc is controversial. Loss of oc expression in knockout mice
leads to increased bone mass (Ducy et al, 1996). This
phenotype, however, becomes first noticeable at 6 months
of age (Ducy et al, 1996), which is much later than the
osteopenia in fra-1*/* mice. In addition, oc and mgp belong
to the Gla (y carboxyglutamic acid)-rich proteins that can
bind mineral via carboxyl groups and are implicated in
extracellular matrix mineralization. Whereas the absence of
oc in knockout mice did not affect bone mineralization (Ducy
et al, 1996), deletion of mgp leads osteopenia (Luo et al,
1997) and to increased mineralization of the growth plate and
the arteries (Luo et al, 1997). A mineralization defect was,
however, not observed in the long bones of fra-1*/ mice. It is
likely that the reduction of mgp expression is insufficient to
cause a significant change in the mineralization rate. In
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Figure 6 Increased expression of bone matrix components in the
long bones of fra-1-transgenic (fra-1'®) mice. (A) Northern blot
analysis of mgp expression in the long bones of fra-172, fra-14/*
and fra-1'8 mice. The corresponding littermate controls for the fra-
1'8 mice expressed mgp at similar levels compared with fra-174
mice (not shown). Expression of tubulin was used as loading
control. (B) In situ hybridization for mgp in the long bones of fra-
1+/" (wild type) and fra-1'¢ mice. Note the increased blue staining
indicative for increased mgp expression in hypertrophic chondro-
cytes (arrows) of fra-1"® mice. (C) Real-time PCR analysis of mRNAs
for osteoblast differentiation markers and genes for bone matrix
components in fra-1*/" and fra-1'8 mice (n=3, 3-week-old fra-1'¢
mice were used before first histological signs of increased bone
mass became apparent). The relative expression levels were nor-
malized for tubulin expression and standard deviations are indi-
cated. oc: osteocalcin; rankl: receptor and activator of NF-«xB; opg:
osteoprotegerin; clal: collagenlal; cla2: collagenla2; mgp: matrix
Gla protein; bgn: biglycan; dec: decorin; tub: tubulin.

addition, von Kossa staining of arterial walls revealed no
calcification within the elastic lamellae (data not shown).
This is consistent with the bone-specific downregulation of
mgp in fra-1*/* mice and supports recent data that Mgp
regulates matrix mineralization locally but not systemically
(Murshed et al, 2004).

How is the expression of oc, colla2 and mgp regulated? It is
possible that fra-14/2 osteoblasts are defective in an anabolic
signaling pathway that is essential for bone matrix produc-
tion (Harada and Rodan, 2003). Several osteopenic or osteo-
porotic mice with mutations in signaling pathways show
osteoblast dysfunctions, such as knockout mice for runx2
(Ducy et al, 1997), c-abl (Li et al, 2000), lrp-5 (Kato et al,
2002), membrane-bound matrix metalloproteinase mt-1-
mmp (Holmbeck et al, 1999), insulin receptor substrate-1
(Ogata et al, 2000) and insulin receptor substrate-2 (Akune
et al, 2002). However, none of these genes was deregulated in
fra-1%% mice. In addition, the TGF-B signaling pathway is
positively implicated in bone matrix production (Thiebaud
et al, 1994). However, the expression of TGF-B 1, 2, 3 as well
as SMAD3, an essential mediator of TGF-B signaling to the
nucleus, was analyzed by RPA and was found to be un-
changed in fra-1%’* mice. This suggests that Fra-1 does not
regulate these essential components of the TGF-f signaling
pathway (data not shown). Alternatively, it is possible that
Fra-1 is downstream of an anabolic signaling pathway and
can directly activate the expression of the matrix genes. This
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is supported by the presence of AP-1-binding sites in the
human promoters of oc (Schule et al, 1990), colla2 (Chung
et al, 1996) and mgp (Farzaneh-Far et al, 2001). However, the
upregulation of oc and colla2 expression was less pro-
nounced in the bones of fra-1-transgenic mice than that of
mgp. This suggests that mgp might be a specific target gene
of Fra-1, whereas oc and colla2 are regulated indirectly by
Fra-1.

Several reports have demonstrated that ectopic expression
of Fra-1 can potentiate osteoclastogenesis (Owens et al, 1999;
Jochum et al, 2000; Matsuo et al, 2000). Consistently, differ-
entiation of fra-1%/* osteoclasts was reduced in vitro. This
defect could not be rescued on wild-type, fra-14/ or fra-1-
transgenic osteoblast feeder layers, suggesting that the altered
expression of matrix molecules on fra-1*/* and fra-I-trans-
genic osteoblasts had no effect on osteoclast differentiation.
In particular, we have also tested the effect of Mgp on
osteoclast differentiation. Addition of mouse serum from
ApoE-Mgp-transgenic mice (Murshed et al, 2004), which
was enriched for Mgp, rescued the differentiation of fra-14/
A osteoclasts. However, serum from non-transgenic control
mice also rescued the defect, suggesting that a soluble factor
different from Mgp can rescue osteoclast differentiation. In
addition, plating the fra-1*/% osteoclast precursors on bone
slices also abolished the differentiation defect. This might
account for the unchanged osteoclast surface per bone sur-
face in fra-1*/% mice, because osteoclasts differentiate in
close proximity to the bone surface in vivo. The molecular
nature of the signal(s) from the bone surface or the serum
that rescues osteoclast differentiation and activity has not yet
been identified.

In summary, these results demonstrate that Fra-1 is an
important transcription factor and novel regulator of bone
mass by affecting bone matrix production and maintaining
osteoblast activity. Other Fos proteins such as AFosB might
have related functions, which could explain the similarity
between the osteosclerotic phenotypes of fra-1- and Afosb-
transgenic mice (Jochum et al, 2000; Sabatakos et al, 2000).
Therefore, Fos proteins could be potential drug targets for the
treatment of low bone mass diseases.

Materials and methods

Generation of mice with conditional fra-1 alleles

For the fra-1 targeting vector, a 6 kb Spel/Notl fragment containing
exons 3 and 4 of the fra-1 gene (Schreiber et al, 1997) was cloned
into an artificial MCS of pBluescript II. The upper loxP sequence
(followed by an artificial HindIII restriction site) was cloned into the
EcoRI site of intron 3. The lower loxP sequence was part of a
separately cloned DNA fragment that was inserted into the AfIII site
downstream of exon 4. This fragment contained a pGK-Neo
selection cassette followed by the loxP sequence, a 0.2Kkb splice
acceptor sequence (splice acceptor of exon 3 of fra-1) and an EGFP
reporter gene. For negative selection, the gene for diphtheria toxin
was used. The targeting vector was used for homologous
recombination in HM-1 embryonic stem cells. Positive clones were
identified by PCR and Southern analysis and used for blastocyst
injection.

Animals

Mice carrying the floxed fra-1 allele (fra-1Y) were crossed to MORE-
cre knock-in mice (Tallquist and Soriano, 2000). The genetic
background of this intercross was C57Bl/6 x 129Sv. Mutant mice
were intercrossed at least five times before bone histomorphometry
to get a recombinant inbred strain. To avoid sex-specific differences
of bone formation, only male mice were used in this study.
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Southern, Northern and Western blot analysis

For Southern blots, 10 pg of genomic DNA was digested with EcoRV/
Hindlll yielding a 12.5kb fragment for the wild-type fra-1 allele, a
4.5kb fragment for the floxed fra-1 allele and an 11.5kb fragment
for the deleted fra-1 allele. For detection of the bands, a 0.8 kb AflII
fragment downstream of exon 4 was used as a probe. For Northern
blot experiments, 20 ug of total RNA was loaded and mRNA bands
for mgp and tubulin were detected with labeled PCR products that
have been amplified using cDNA from long bones. The PCR product
for detection of mgp was cloned and sequenced before hybridiza-
tion. Western blot analysis was performed according to standard
procedures using anti-GFP and anti-actin antibodies (Roche).

RNase protection assay

Total RNA was isolated with the TRIZOL protocol (Sigma) and 10 pg
was used for each RPA reaction. Long bones and calvariae were
pulverized in liquid nitrogen prior to RNA isolation. RPA was
performed using the RiboQuant multi-probe RPA systems mJun/Fos
and mCK3b (PharMingen) according to the manufacturer’s instruc-
tions.

Histology and in situ hybridization analysis

For histological analysis and ISH, bones were fixed overnight with
neutral buffered 4% PFA at 4°C. The tissues were then decalcified
for 10 days in 0.5 M EDTA and embedded in paraffin. Sections (5 um)
were stained with hematoxylin and eosin (H&E). For ISH analysis,
sections were deparaffinized and mRNAs for runx2, oc, colla2 and
mgp were detected with a probe according to standard procedures.

TRAP staining and osteoclast activity assays

TRAP staining of osteoclasts was performed on deparaffinized bone
sections using the leukocyte acid phosphatase kit (Sigma) according
to the manufacturer’s instructions. The activity of osteoclasts was
assayed in vitro after differentiation on bovine cortical bone slices.
The area of the resorption pits on the slices was quantified using
MetaMorph software. Osteoclast activity in vivo was measured in
urine samples of mice using Metra DPD EIA and Metra Creatinine
Assay Kits (Quidel) according to the manufacturer’s instructions.

PCR and real-time PCR analysis

PCR for genotyping of fra-1°/ mice was performed with primers P1
(gaaatggctccgtgggtaaaggta), P2 (gacagggttcatcttcatagttct) and P3
(tgtaccggacgcttgtcatctcat) giving rise to wild-type (308 bp), floxed
(354 bp) and deleted (408bp) bands. Deletion of fra-1 in fra-14/4
mice was analyzed by semiquantitative RT-PCR using the primers
fra-lup (cccccgcaagctcaggcacagac) and fra-1do (gcagatggggc-
gatgggcttce). For real-time PCR, light cycler Fast start DNA Master
SYBR Green (Roche Diagnostics) was used. The following primers
for osteoblast and osteoclast genes were used: RANK (420bp) up:
gcttacctgeccagtetcategtt, down: — gggccggteegtgtactcateet;  c-src
(435bp) up: gaaggcaggcaccaaactcage, down: ccccggtaatcccccageat-
ca; runx2 (399bp) up: cggagcggacgaggcaagagtttc, down: aga-
cagcggegtggtggagtggat; collagenlal (528 bp) up:
ggtgececcggtettcag, down: agggccagggggtceagcatttc; mgp (309 bp)
up: gcgagctaaageccaaaagaga, down: tcaacccgcagaaggaagga; bigly-
can (407bp) up: tgcccttatcetetggtgtictct, down: tagttgcceca-
tatttgtttgtg; decorin (393bp) up: geccectaccgatgecagtgt, down:
ggttgeegeccagttetatga; mt-1 (396bp) up: tgagggtttccacggegacagta,
down: taggcggggtttttgggcttat; Irp5 (380 bp) up: ggcgetgtgacggcttcect-
gagt, down: gtagaccccgcccatgacgaagag; irs-1  (336bp) up:
cttggegeagttacctegteette,  down:  tgcegccacttcttetegttete;  irs-2
(360 bp) up: ctgcaaccecgecacaacctate, down: tgggeggetcatcacctectc;
c-abl (421 bp) up: ccccagacggcagcectaaatgaag, down: gaggccgaacaa-
gaacgcaggaag; fosB (440bp) up: catcccggtggecttcttgetca, down:
ctgggggtggggtttgggattagg. The primer pairs for TRAP, cathepsin K,
carbonic anhydrase II, MMP-9, tubulin, ALP, bone sialoprotein,
osteocalcin, RANKL, OPG and collagenla2 have been described
previously (Kenner et al, 2004). The expression levels of RNA
transcripts were calculated with the comparative CT method. The
individual RNA levels were normalized for tubulin and depicted as
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relative expression levels with the corresponding controls (fra-172)

set to 1.

X-ray analysis, histology and histomorphometry

Mice were killed at 1.5 and 3 months of age. After whole animal
contact radiography (Faxitron X-ray cabinet, Faxitron Co.) and
autopsy, bones were dissected out and fixed in 3.7% PBS-buffered
formaldehyde for 18 h at 4°C. After dehydration, the undecalcified
tibiae and lumbar spines were embedded in methylmethacrylate,
and S5pum sections were cut in a sagittal plane on a rotation
microtome (Cut 4060E, MicroTech) as previously described (Amling
et al, 1999). Sections were stained with toluidine blue and modified
von Kossa/van Gieson and were evaluated microscopically. For
assessment of dynamic histomorphometric parameters, 12-pm-thick
sections were mounted unstained in Fluoromount (Electron Micro-
scopy Sciences) to permit evaluation by fluorescent microscopy.

Microcomputed tomography analysis

For three-dimensional histomorphometry and visualization of the
vertebral bone structure, lumbar vertebrae L6 of 3-month-old mice
was dissected out and scanned in a microCT 40 (Scanco Medical) at
a resolution of 6 pm. The raw data were manually segmented and
analyzed with uCT Evaluation Program V4.4A (Scanco Medical).
For visualization, the segmented data were imported and displayed
in uCT Ray V3.0 (Scanco Medical).

Quantitative histomorphometry

Quantitative histomorphometry was performed on toluidine blue-
stained, undecalcified proximal tibia and lumbar vertebra sections.
Experiments were performed in a blinded fashion. An analysis of
bone histomorphometry parameters was carried out according to
standardized protocols of the American Society for Bone and
Mineral Research (Parfitt et al, 1987) using the Osteomeasure
histomorphometry system (Osteometrix). For assessment of dy-
namic histomorphometric indices, mice were injected with calcein
according to a standard double labeling protocol (Amling et al,
1999). Fluorochrome measurements were made on two nonconse-
cutive 12-pum-thick unstained sections per animal. Statistical
analysis was performed using Student’s t-test and P<0.05 was
accepted as significant; error bars represent s.d.

Osteoblast and osteoclast cultures

Primary osteoblasts and osteoclasts were isolated and differentiated
in vitro as described previously (Kenner et al, 2004). For ALP
activity measurement, cells were washed with PBS and sonicated in
10 mM Tris-HCI buffer (pH 8.0). ALP activity in the osteoblast lysate
was measured using a colorimetric assay (Sigma). Nodules of
mineralized extracellular matrix were identified morphologically by
alizarin red staining (Sigma). Osteoclast differentiation was
evaluated by TRAP staining (leukocyte acid phosphatase kit from
Sigma). To test resorption activity, co-cultures were performed on
bovine cortical bone slices, and resorption pits were stained with
toluidine blue. For co-culture experiments, primary osteoblasts (10°
per well) were co-cultured with bone marrow cells (106 per well) in
MEM containing 10% FCS, 10 %M 1,25-dihydroxyvitamin D; and
1077 M dexamethasone in 24-well plates.
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